paraffinicum n. sp., shows a high degree of specificity for petroleum hydrocarbons, as reported by Davis et al. (1956) .
Mlethods for demonstrating hydrocarbon oxidizing microbes in the soil strongly influence observed results. This paper describes some of the experimental field work performed by the Field Research Laboratory of the Magnolia Petroleum Company. Widely separated areas and a variety of soils were studied. Ethane and methane were employed for cultivating the hydrocarbon oxidizers in the laboratory. The objectives of this study were threefold: (a) to test various methods for detectinig hydrocarbon oxidizing microbes in the soil; (b) to determin-e the relative abundance of ethane oxidizers that exist in areas of petroliferous gas emanationi, particularly with respect to the magnitude of areal contrasts; anid (c) to observe the effect of seasonal soil moisture on the hydrocarbon oxidizing microflora.
MIATERIALS ANI) METHODS
Three general methods were developed for detecting ethane or methane oxidizing microbes in soil: (a) manometric measurement of gas uptake, (b) colony development on mineral-salts agar plates sprinkled with soil, and (c) radioassay, including radioautography. The gas uptake and soil plating methods used in the isolation and study of Ml. paraffinicum n. sp. have been described previously (Davis et al., 1956 ). Radioassay for hydrocarbon oxidizing microbes is described in the patent literature by Davis (1957) .
Sampling areas. Areas overlying oil pools were selected for determining the effect of gaseous hydrocarbon emanation on the soil microbial flora. Sometimes the entire oil field, delineated by productive oil or gas wells, was surveyed. Adjacent areas, of at least the same magnitude and presumably beyond the limits of the production, were surveyed as controls.
Collection of soil samples. Soil samples were taken at various depths ranging from a minimum of 6 in. to a maximum of 6 ft. Soil was often collected in the form of 156 composite samples. Mechanical drills were used for some of the sampling, but hand augers were often employed due to the inaccessibility of some areas to motor vehicles.
The samples were transported in glass screw-cap jars to the laboratory where they were processed, and analyzed, usually within 1 week from the time they were collected.
Processing of soil samples. Sample processing was dependent upon the particular assay employed. The samples varied with respect to type and moisture content, as influenced by season, sample depth, and locality. To describe the processing of soil samples adequately, each of the three methods of analysis for hydrocarbon oxidizing microbes will be considered separately.
M1anometric method. The soil samples received in the laboratory for analysis by the manometric "gas uptake" method were handled as little as possible. After superficially mixing the sample with a spatula, 10-g aliquots were weighed on fresh glassine weighing papers and added to 2-oz bottles. Ten ml of a mineral-salts medium of the following composition were added to the bottles: KH2PO4, 0.20 g; Na2HPO4, 0.30 g; (NH4)2SO4, 1.0 g; MgSO4 .7H20, 0.2 g; CaCl2, 0.01 g; FeSO4 -7H20, 0.005 g; per L of water. Despite the type of soil, this volume of mineral-salts medium resulted in a supernatant liquid. Capillary glass-tubing manometers were attached to the bottles and 40 per cent ethane or methanie in air was added as described earlier (Davis et al., 1956) . Mercury was used as the manometer fluid. A control system for each sample was prepared identically except that the hydrocarbon gas was deleted. Oxidation of soil organic matter invariably occurred and the gas uptake values for the control systems were subtracted from the hydrocarbon gas system values. This was for the purpose of arriving at a more valid measurement of hydrocarboni oxidation by the soil microflora. The manometric systems were incubated at 30 C for 30 days; manometer readings were taken at 5-day intervals.
Manual processing of the soil samples, other than for the purpose of superficially mixing composite samples, was not advantageous, and, in fact, had some disadvantages. Reproducibility of results with aliquots of a soil sample ordinarily decreased with the number of hydrocarbon oxidizers present in the soil. However, HYDROCARBON OXIDIZING MICROBES IN SOILS lack of reproducibility, originally attributed to an uneven distribution of ethane or methane oxidizers in the samples, was not improved by homogenizing the soil samples. Homogenization was performed by (a) prolonged manual processing and mixing with a spatula; (b) drying the soil, followed by grinding in a mortar; and (c) stirring aqueous suspensions of the soil in a Waring Blendor. The latter two procedures were detrimental. A more even distribution of the microcolonies of certain ethane oxidizers such as M. paraffinicum was achieved, but an apparent disintegration or dispersal of streptomycete microcolonies resulted. These microbes would then ordinarily overgrow the other hydrocarbon oxidizers in our manometric "enrichment cultures." Experimental work to be discussed later showed these streptomycetes to be adaptive ethane oxidizers with no apparent special relation to oil fields.
The preferred method of treating soil to be assayed for ethane and methane oxidizing microbes has involved a minimum of handling, and analysis as soon after collection as possible.
Sprinkled soil plating method. With respect to homogenization, what has been described above also applies to the sprinkled soil method. However, it is mandatory to dry the soil samples sufficiently to process small aliquots for weighing and sprinkling as evenly as possible on the surface of a mineral-salts washed-agar plate. The amount of agar used in this medium was 2 per cent. The plates are rotated on a Spray-Fisher turntable,' and a 0.1-g aliquot of the dried soil on a glassine weighing paper is slowly applied from the edge of the rotating plate to its center. With practice, excellent distribution of the 0.1-g soil samples can be obtained on the agar surface.
The "soil plates" are incubated at 30 C under 40 per cent ethane in air in large desiccators. The microbial colonies which develop are counted at 20 or at 30 days using reflected light.
Radioassay. Radioethane was employed in assays which measured radiocarbon dioxide evolution by ethane oxidizers and in the radioautographic measurement of radioactive colony formation. For the first method, usually 1 pint of soil in a standard fruit jar was assayed. The metal screw-cap of the jar was fitted with a Hoke valve (figure 1)2 and the system evacuated and filled with the radioactive hydrocarbon gas mixture. After incubation for 24 hr, the carbon dioxide in the systems was evacuated and absorbed in alkali, followed by precipitation with BaCl2 as BaCO3 which was measured for radioactivity.
The soil samples, if friable, were not treated. If too dry or too wet to be friable, they were either moistened with sterile distilled water or air-dried to the state of friability. Radioethane (0.5 ,uc per ml) was used at a concentration of 1 per cent in air. The plates were selected after incubation for 30 days with the 1 per cent radioethane in air on the basis of the appropriate dilution series for the soil samples, and were assayed for radioactive colonies by the following described radioautographic method. The agar pads were removed from the P'etri plates and thoroughly dried.
They were then placed next to Eastman No-Screen x-ray film3 and incubated for 1 week. Development of the film showed the result of (C14) beta-particle bombardment by the particular colonies which had incorporated the radiohydrocarbon (figure 2). If x-ray film, previouisly exposed to colonies of soil microbes cutltivated uinder radioethane oni a mineral salts-soil extract agar plate. Soil sample was diluited 1:10,000. The 30 white spots are the (leveloped film impressions of beta-particle emissions from C14 ra(lioactive colonies. These represented 15 per cent of the total coloniies cutltivated oni the agar plate, or 30 of the 203 colonies observed. of the potential activity was recovered from microbially "active" soils.
RESULTS
Comparative Gas Uptake Surveys with Ethane and Methane Survey 1. Thirty-five soil samples were collected at fairly evenly spaced intervals over an oil field in south Texas. None of the samples were taken near an established oil or gas well, or near drilling operations, that is, within less than 1000 feet. A total of 50 samples were taken in two areas 1.5 to 2 miles away from the producing area. In this particular survey, the soil samples consisted of composites of soil collected from a depth of 5 ft to within 6 in. of the surface. These were obtained with a bore-hole, sidewall sampler shown in figure 3 . The soil samples, which consisted of about 100 g each, were mixed individually with a spatula prior to taking 10-g aliquots for analysis. Three series were included in the analyses: a control, a methane, and an ethane series. The hydrocarbons (methane, Pure Grade; ethane, Research Grade)6 were used at a 40 per cent concentration in air. Incubation at 30 C was continued for a total of 30 days. Manometer measurements of gas 6 Purchased from Phillips Petroletum Company, Bartlesville, Oklahoma. 
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uptake, corrected for control readings, are plotted as the number of days required to register at least 25 mm of mercury drop in pressure in the manometric systems. No areal contrast was detected in the case of methane oxidation (figure 4). In the case of ethane oxidation an areal contrast was evident (figure 5).
Microbial growth observed in the "positive" systems, usually in the form of a pellicle at the surface of the supernatant culture medium, was subcultured by streaking a small amount on mineral-salts agar plates. These plates were incubated at 30 C under 40 per cent hydrocarbon gas in air. Early observation of growth, as evidenced by pellicular development on the supernatant medium in the manometric systems, coincided roughly with a corrected gas uptake of about 25 mm of mercury.
No attempt will be made to describe in detail the results of subculturing, except to point out that, in general, large gray-white colonies of bacteria were observed on the methane plates; whereas yellow-soft and yellow-waxy colonies were often observed on the ethane plates, particularly those streaked with inoculum from manometric systems that were positive within 10 to 20 days. The methane oxidizing bacteria were usually motile rods, about 1.5 by 3 ,u. No identification of these bacteria was made. The most prevalent ethane oxidizing bacterial colonies were mycobacteria, described previously by Davis et al. (1956) . Survey 2. A similar comparative survey was made of anl oil field in south-central Texas. The same number of soil samples was taken and in the same manner. The results of this survey are plotted in figures 6 and 7. Fewer positive samples were observed in survey 2 as compared with survey 1. Otherwise the results of the second survey were similar, that is, there was no apparent special relationship of methane oxidizers to the oil producing area, but an areal contrast of ethane oxidizers was detected. Again, the most prevalent ethane oxidizing bacteria in the positive samples were mycobacteria.
The results of other comparative surveys are included in table 1. Methane or ethane oxidation is indicated simply as the per cent of soil samples which gave positive results by the gas uptake method within a period of 15 or 30 days, respectively. Surveys 3a and 3b were of the same oil field at different seasons of the year.
Comparative Surveys of the Gas Uptake and Soil Plating Methods with Ethane Survey 5. Survey 1, above, was repeated 2 years later. Individual samples were taken within 50 to 100 feet of the original sampling points. This time, however, the soil samples were analyzed by the gas uptake method and the soil plating method with ethane only. Figure 8 shows that the largest populations of ethane oxidizers are found over the oil field. Only the number of yellow (mycobacterial) colonies observed on the plates are plotted. Figure 9 shows a sprinkled soil plate with colony formation as an example.
Survey 6. This survey consisted of sampling a portion of the larger area sampled in survey 4 (table 1). The portion included a sector of the oil field and an adjacent area beyond the limits of known oil production. A very strong areal contrast in the abundance of ethane oxidizers was detected. The results of this survey are shown in figure 10 . Results of other surveys are included in table 2 which shows a comparison of the plating and Davis, 1952) , which is not directly related to oil or gas production, was included in the study. Soil gas samples were taken at each sampling point at a Figure 10 . Survey 6, with ethane. Note very marked contrast that exists between oil field and control area. Strawinski (1954) described a method of oil prospecting using methane. Also, work in the U. S. S. R. with methane oxidizers was discussed by Davis and Updegraff (1954) . The comparative results with methane and ethane simply show that, with the method employed, significant areal contrasts of ethane oxidizers in soil are more readily observed. The following explanation is given for these results.
Methane, the principle component of natural (petroleum) gas, is produced in the biosphere, sometimes in large amounts as in marsh gas; and methane oxidation by soil bacteria is readily demonstrated. This is interpreted to mean that biomethane is widely prevalent in soils. Despite the presumed greater amount of methane (that is, petromethane plus biomethane) over an oil field, the measurement of methane oxidation by the gas uptake method does not clearly reveal it because of quantitative limitations. Only a limited study of methane oxidizing bacteria has been made at this laboratory, principally for the aforementioned reason. Dworkin and Foster (1956) and Leadbetter and Foster (1958) have made fairly comprehensive academic studies of methane oxidizing bacteria. Dworkin and Foster (1958) also recently described their investigations with ethane oxidizing microbes, principally mycobacteria, isolated from sources other than oil field soils.
Ethane, a prominent component of natural gas, is not produced biologically in amounts relatively comparable in order of magnitude with methane (Davis and Squires, 1954) . The ratio of methane to ethane in natural gas, despite some variation, is in the order of 17:1, methane, 85 mol per cent; ethane, 5 mol per cent. In contrast, the ratio of methane to ethane in marsh gas is very high, in the order of 100,000:1 (R. M. Squires, Personal Communication). It is assumed, therefore, that a greater differential in ethane concentrations exists between oil field soils and adjacent area soils than is the case with methane. To support this, using an indirect biological index, the data of surveys 1 to 4 show that ethane oxidizing microorganisms are distinctly more prevalent over oil fields ( Comparison of the data of survey 1 depicted in figure  5 with the per cent "positive" sample data of survey 1 given in table 1 shows the limitations of this tabulation in indicating the strong contrast that existed. However, data are given in table 1 in terms of per cent "positive" samples to obviate individual sample data for all the surveys.
In soils from oil fields, where 1M1. paraffinicum is often found in abundance, gas uptake in the ethane enrichment manometer systems within 10 to 15 days is significant; or stated conversely, when such gas uptake occurs, the likelihood of observing and isolating M. paraffinicum is high. Other ethane oxidizing microbes including nocardiae, stretomycetes, and filamentous fungi (Davis et al., 1956) sometimes are prevalent, dependent upon the particular soil sample and sampling area, but these latter forms have no apparent, consistent relationship to oil fields.
Gas uptake and sprinkled soil plate methods. Experimentally, it was found that 1 per cent organic matter (soil extract solids, 1 part; glucose, 89 parts; yeast extract, 10 parts) had no effect on the utilization of 1 per cent ethane by M. paraffinicum; whereas this organic material (a) prevented the utilization of ethane by a white filamentous fungus, (b) was necessary for the utilization of this relatively low concentration of ethane by a nocardia species, and (c) was utilized along with the ethane by a streptomycete (Davis and Chase, Unpublished Observations). Each of the microbes was isolated from ethane-enrichment gas uptake systems and grown exclusively in mineral-salts medium with 40 per cent ethane in air for several transfers prior to the experiment. The only microbe that showed a specificity for ethane was M. paraffinicum. The other microbes, which showed a lack of uniformity with respect to growth on ethane in the presence of other organic matter, are considered adaptive. Their degree of adaptivity is open to question, but none were found generally in a clearly distinct abundance over oil fields by the gas uptake or the soil plating methods. Recently, Kuznetsov and Telegina (1957) reported that glucose had little, if any, effect on the oxidation of propane by resting cells of bacteria, possibly mycobacteria, isolated from oil field soil.
Under ideal conditions, the gas uptake method might be expected to yield quantitative data, because (a) the large soil sample used should provide a good average of the distribution of microbes in the soil, and (b) curves of gas uptake reflect the number of bacteria, such as M. paraffinicum, present initially in experimental gas uptake systems. For example, an initial inoculum of 107 bacteria in 10 ml of mineral-salts medium in a 2-oz bottle resulted in a 25 mm (Hg) gas uptake in 10 days; for 104 bacteria, 23 days; and for 102 bacteria, 32 days were required before this amount of gas uptake occurred (Chase and Davis, Unpublished Observation). Of course, these data, as would be anticipated, do not obtain with mixed soil cultures, and, therefore, a standard curve is not employed as the basis for quantitation.
The number of colonies on the sprinkled soil plates certainly provide no accurate means of estimating the number of individual microbes originally in the soil since it is assumed that the foci for these colonial developments are microcolonies composed of an indeterminate number of microbial cells.
Actually, attempts to quantitate ethane oxidizing bacteria, for example, M. paraffinicum and other mycobacteria, are thwarted by variations in soil conditions, mixed cultures, and other factors inherent in soil enrichment cultures. The approach toward quantitation has been simply to determine the relative abundances of the bacteria. This is done by determining the time at which significant gas uptake occurs in the manometer systems, and counting the number of yellow mycobacterial colonies which appear on the sprinkled soil plates. Both of these methods are useful in detecting microbial areal contrasts when soil samples are being compared on an areal basis.
Ethane and ethane oxidizing microbes in soil. Contrary to expectation, the concentration of ethane ordinarily detected in the soil over oil fields is very low, in order of parts per billion (R. M. Squires, Personal Communication). On a sample to sample basis, no correlation has been observed by us between ethane oxidizing microbes and ethane measurements at this level. However, at an area of a petroleum gas seep where the concentration of ethane was found in the order of parts per million, a correlation was detected (figure 11). Even here no strict correlation was observed between ethane in the soil gas and the relative abundance of ethane oxidizing bacteria. But on an areal basis, comparing the immediate gas seep area and the adjacent surrounding area, an unmistakable correlation exists.
This particular area is not associated with an oil field; and since no oil or gas wells are in the immediate area, the presence of petroleum gas in the soil cannot possibly be attributed to drilling operations.
Radioassay of ethane oxidation. The radioassays, both the radiocarbon dioxide evolution measurements and radioautography, are lacking in the specificity exhibited by the soil plating method. This is explained by the known presence in soil of many microbes which can oxidize ethane (and incorporate ethane carboni), many of which never become visible by the sprinkled soil plating method. This becomes apparent by comparing the number of radioactive colonies or "positive" samples detected by the radioautographic method with those samples showing the yellow mycobacterial colonies, figure 12. The latter were sometimes observed almost exclusively on the sprinkled soil plates in this particular survey.
[voL. 
It is interestinig to recall that the soil samples involved were taken at a depth of 6 ft. This naturally decreased the number of soil microbes involved. Further, a 1:10,000 dilution of the soil samples was employed for the radioautographic method; whereas 0.1 g of soil was used on the sprinkled soil plates. Despite this difference in the amount of soil sample involved, the greatest number of foci of ethane oxidation were observed on the soil extract radioautographic plates; although, admittedly, some of these microcolonies observed could have incorporated radiocarbon dioxide produced by radioethane oxidizers. The sprinkled soil plates, with 1000 times as much soil, showed to the unaided eye only a relatively few ethane oxidizing microbial colonies, the prevalent ones being those of 1l. paraffinicum.
Seasonal effects. The data shown in figure 14 show the independence of ethane oxidizing mycobacteria, cultivated by the sprinkled soil plate method, as contrasted with the ethane oxidizing microflora of the soil. The ethane oxidizing activity of the soil microflora followed closely the moisture content of the soil. The ethane oxidizing mycobacteria did not follow the pattern.
A valid (uestion could be raised at this point. Why is the ethanie oxidation measurement (radioassay) apparenitly not influenced by the ethanie oxidizing mycobacteria in the soil? The proposed answer is that: first, the population of ethane oxidizing mycobacteria in oil field soils is far less than the population of other microbes, even when samples are taken at a depth of 6 ft; secondly, the observance of these mycobacteria is dependent uponl their cultivation for a period of about 2 weeks, whereas the radioassay systems were analyzed after ani incubationi period of 24 hr. The radioautographic method shows that many soil microorganisms, not idenitified as mycobacteria, utilize ethane; and many of these presumably utilize soil organic matter concomitantly, since it is required to assure their colonial development on the radioautographic plates.
Significance of the microbial areal contrasts. It is probably safe to say that where hydrocarbon gas emanation occurs, either as natural gas seeps, leaking pipelines, or oil and gas wells, a biological response on the part of the soil microflora is almost inevitable. The microbial areal contrasts described in this paper should not be construed as necessarily typical of those found over oil and gas reservoirs prior to drilling a.nd development of oil fields. The testing of several newly productive areas has indicated that a prior natural developmenit of microbial areal contrasts of the magnitude described is relatively infrequent.
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SUMMARY
Ethane oxidizing microbes were detected by three different methods using soil samples taken from areas of petroliferous emanation, principally oil fields. The gas uptake method showed strong areal contrasts in the abundance of ethane oxidizers, but weak or no areal contrasts of methane oxidizers. The reasons for this phenomenon are discussed.
The sprinkled soil plating method showed strong areal contrasts in the abundance of ethane oxidizing mycobacteria; many of these are classified as Mycobacterium paraffinicum anid consequently have a high degree of specificity for ethane and higher paraffinic hydrocarbons. The soil plating and gas uptake methods showed areal contrasts of about equal magnitude. The third method employed, radioassay, including measurements of ethane oxidative activity of the soil microflora and radioautography, showed a lower degree of specificity for detecting microbial areal contrasts.
